Abstract. The aim of this study was to establish a robust and reliable assay for the detection of circulating tumor cells (CTCs) in the peripheral blood (PB) of patients with advanced lung adenocarcinoma. We used real-time reverse transcription PCR (RT-PCR) to detect survivin, human telomerase reverse transcriptase (hTERT), cytokeratin-7 (CK-7) and thyroid transcription factor 1 (TTF-1) mRNA expression levels in 68 advanced lung adenocarcinoma patients and 30 healthy patients. Statistical analyses were additionally performed to examine the correlation between the mRNA expression levels of these markers with the clinicopathological features of advanced lung adenocarcinoma patients. The sensitivity of these four mRNA markers in the PB of advanced lung adenocarcinoma patients was 41.18, 61.76, 41.18 and 35.29%, respectively. The sensitivity of these four markers combined was 82.35%, which was significantly higher compared with single marker detection. Statistical analysis demonstrated that high expression levels of survivin, hTERT and TTF-1 mRNA are positively correlated with lymph node classification, and high expression levels of survivin, hTERT, CK7 and TTF-1 mRNA are positively correlated with distant metastasis (P<0.05). In addition, overexpression of these four mRNA markers is positively correlated with disease progression (P<0.05). Our data suggest that the combination of survivin, hTERT, CK-7 and TTF-1 mRNA markers may provide a valuable tool for CTC detection and is associated with disease progression in advanced lung adenocarcinoma patients.
Introduction
Lung cancer remains the leading cause of cancer mortality in a number of countries worldwide and non-small cell lung cancer (NSCLC) accounts for 80% of all lung malignancies (1) . Lung adenocarcimoma is one of the most common subtypes of NSCLC, with high mortality rates and poor prognosis (2) . The majority of lung adenocarcimoma cases present with a small primary tumor with an increased tendency to metastasize to regional lymph nodes and distant organs. Although significant advances in the diagnosis and therapy of lung cancer have been made in recent decades, the survival rate of this malignant disease has only minimally improved. Lung cancer is a multi-step process with morphological progression involving multiple molecular events (2) . Thus, the identification of molecular and biological alterations that occur during carcinogenesis and progression may facilitate the investigation of the pathology of the disease and generate new markers to more accurately predict and monitor patients' clinical outcome and therapy, subsequently aiding to individualize the treatment of cancer in patients.
Circulating tumor cells (CTCs), which are derived from primary sites or metastases, are capable of circulating freely in the peripheral blood (PB) of cancer patients (3) . CTCs have been isolated and characterized in a variety of human solid tumors, including breast cancer (4), melanoma (5), gastrointestinal cancer (6) , lung cancer (7) and prostate cancer (8) .
Evidence from previous studies highlighted that the presence of CTCs may reflect the tumor burden and is associated with tumor relapse and progression (5, (9) (10) (11) . Improvements in molecular technology have enabled the detection of rare CTCs in PB samples using quantification methods, including realtime PCR techniques. The main advantage of this approach lies in its sensitivity, which is considered to be higher than the reported sensitivity of immune-mediated detection, including immunocytochemistry (12) . Given the heterogeneity of metastatic tumor cells, it is unlikely that one marker suitable for the detection of CTCs in all cancer patients exists. Therefore, we suggest that a multimarker assay is likely to provide an improved strategy compared with single marker assays and real-time reverse transcription PCR (RT-PCR) is easily adaptable to multimarker assays (13 Survivin is a member of the family of inhibitors of the apoptotic proteins and has been implicated in the regulation of cell survival and mitosis in cancer (14) (15) (16) . High levels of survivin expression have been detected in cancer cells, with low levels of expression detected in the majority of normal differentiated adult tissues (14) . Previous studies suggest that the overexpression of survivin is correlated with advanced disease, accelerated time to recurrence, reduced survival and resistance to therapy (17) . Numerous studies have demonstrated that the detection of survivin expression in CTCs is significantly correlated with disease diagnosis and clinical prognosis (18) (19) (20) . The expression of the human telomerase reverse transcriptase (hTERT) gene functions as the major limiting factor for telomerase activity, which is important in cellular immortalization, tumorigenesis and the progression of cancer (21) . The telomerase enzyme complex consists of two major subunits and its expression is mainly regulated by the catalytic subunit, hTERT (22) . The cancer-related gene, hTERT, has been used for the detection of CTCs in the PB of breast and gastric cancer patients (20, 23) . Thyroid transcription factor 1 (TTF-1), which is a 38-kDa nuclear protein member of the NKx2 family of homodomain transcription factors, is selectively expressed in the lung, thyroid and diencephalons (24) . It has been used to identify primary lung adenocarcinoma or thyroid tumors (25, 26) . Epithelial tumors usually retain the keratin expression profile of their normal epithelial origin. Cytokeratin-7 (CK-7) is a type II cytoskeletal keratin that is frequently expressed in the epithelial tissue lining the cavities (27) . It has been demonstrated that CK-7 is frequently expressed in a variety of human tumors, including lung (27) , gallbladder (28) , breast (29) , gastrointestinal (30) and urinary tract carcinoma (31) . A previous study demonstrated that CK-7 may serve as a potential marker for the detection of CTCs in lung cancer (32) .
In this study, we aimed to develop a real-time RT-PCR assay to investigate the expression of four epithelial or cancerrelated mRNA markers, survivin, hTERT, CK-7 and TTF-1, in order to detect levels of CTCs in PB samples of advanced lung adenocarcinoma patients as well as from healthy controls. We additionally evaluated the efficacy of each individual circulating mRNA marker and all four mRNA markers in combination. Furthermore, we investigated the correlation between the expression levels of these four mRNA markers with the clinicopathological features of advanced lung adenocarcinoma patients. Lastly, we analyzed the correlation between CTC status with patients' disease progression.
Materials and methods
Patient and control sample selection. Sixty-eight lung adenocarcinoma patients undergoing treatment at The Third Affiliated Hospital of Harbin Medical University (Harbin, China), between January and June 2011, were enrolled into the study and underwent complete tumor evaluation. All patients provided written informed consent for the analysis. The study was approved by the ethics committee of the Third Affiliated Hospital of Harbin Medical University, Harbin, China. Clinical stages were determined according to the criteria of the American Joint Commission on Cancer (33) and the pathological type was diagnosed as lung adenocarcinoma. In addition, PB samples were obtained from 30 healthy patients who exhibited no evidence of any clinically detectable disease at the time of blood withdrawal.
Processing of blood samples. To prevent the contamination of epithelial cells, a catheter was used and the first 5 ml of blood was discarded. Following this, a 5-ml sample of PB was obtained from patients prior to therapy. Sample processing was performed within 2 h of blood withdrawal. Mononuclear cells were enriched using density gradient centrifugation, which removed red blood cells and serum.
Cell culture and processing blood-spiking samples. The lung adenocarcinoma cell line A549 was maintained in RPMI-1640 medium (Invitrogen, Carlsbad, CA, USA) and supplemented with 10% fetal bovine serum (Hyclone, Logan, UT, USA), penicillin (100 U/ml) and streptomycin (100 U/ml) at 37˚C in a 5% CO 2 air environment. For blood-spiking experiments, A549 cells were serially diluted in PBS and mixed with a 5-ml sample of PB which was obtained from one healthy patient to form concentrations of tumor cells of 1, 10, 100, 1,000 and 10,000 cells per 5-ml blood sample.
Total RNA extraction and reverse transcription. Total RNA from mononuclear cells of the PB were extracted using TRIzol reagent (Invitrogen). RNA integrity was verified electrophoretically and quantified using UV spectrophotometry. The 260/280 ratio was 1.8-1.9. First strand cDNA was synthesized from total RNA using a first strand cDNA synthesis kit (Promega Corporation, Madison, WI, USA). The reverse transcription was performed in a reaction mixture consisting of AMV reverse transcriptase (high concentration), MgCl 2 (25 mM), reverse transcription 10X buffer, dNTP mixture (10 mM), recombinant RNasin ribonuclease inhibitor and oligo(dT) 15 primer. The reaction mixture, including 2 µg RNA, was incubated at 70˚C for 10 min, spun briefly and placed on ice. The 20-µl reaction mixture was then incubated at 42˚C for 45 min, heated to 95˚C for 5 min and the resulting cDNA was stored at -20˚C.
Real-time PCR. Primers were designed for survivin, hTERT, CK-7 and TTF-1 using Premier 5.0 software (Palo Alto, CA, USA). The primers and Taqman probes were positioned to span exon-intron boundaries in order to reduce the detection of genomic DNA. The primer sequences and probes of each gene are shown in Table I . Real-time PCR and data collection were performed with a MiniOpticon™ system (Bio-Rad, CDF-3120, Hercules, CA, USA). The housekeeping gene, GAPDH, was used as an internal control to normalize the expression levels of survivin, hTERT, CK-7 and TTF-1. For the amplification of a total volume of 25 µl, each reaction mixture contained 12.5 µl PremixExTaq (DRR039S, Takara Bio, Inc., Shiga, Japan), 0.6 µl forward primers (12.5 µM), 0.6 µl reverse primers (12.5 µM), 0.3 µl Taqman probe (5 µM), 2 µl cDNA and 9 µl ddH 2 O. Amplification conditions are shown in Table II . For all samples, positive, negative and no template controls were performed. To ensure the reproducibility of results, all genes were tested in triplicate and the real-time PCR analyses were performed blinded for the identity and clinical outcome of the patients.
Data analysis. Based on the three replications, mean crossing points (the beginning of the PCR exponential phase) were used in the calculations and the concentration of each tumor mRNA was normalized against that of GAPDH in each sample. If the mean Ct (threshold cycle) value for a gene of interest was ≥40, the gene expression was considered to be undetectable. Based on previous studies (11, 34) , the highest value of each marker in healthy patients was determined as a cut-off value, which was used to determine whether a patient's PB sample was positive or not. For one marker, gene expression was regarded as positive when it was greater than the cut-off value. A PB sample was defined as CTC-positive (CTC + ) if any of the four markers tested positive.
Statistical analysis. All data were analyzed using the SPSS 17.0 software (Chicago, IL, USA). Chi-square analysis and Fisher's exact test were used to analyze the correlation between the positive expression of the four markers and clinicopathological characteristics among lung adnocarcinoma patients and healthy patients. Bivariate correlations between variables were calculated by Spearman's rank correlation coefficients. Patients' survival curves were plotted by the Kaplan-Meier method and differences in survival were compared using the log-rank test. P<0.05 was considered to indicate a statistically significant result. Real-time PCR was calculated using linear regression and Pearson's correlation.
Results

Sensitivity and specificity tests of real-time PCR.
To confirm the sensitivity and specificity of our real-time RT-PCR assays, blood-spiking tests were performed to examine the number of detectable cells within PB samples. Serial numbers of human lung adenocarcinoma A549 cells were subjected to RNA extraction and real-time RT-PCR procedures. In our assay, the quantification of survivin, hTERT, CK-7 and TTF-1 was linearly correlated with the loading numbers of A549 cells in PB samples and the highest detection sensitivity observed was one A549 cell in 5 ml of PB.
Standard curves for the four markers were calculated with MiniOpticon system software (Fig. 1) . The corresponding realtime PCR efficiency (E) of one cycle in the exponential phase was calculated according to the equation: E=10[-slope]-1 (35) . Investigated transcripts demonstrated high real-time PCR efficiency rates which were detected using the Taqman probe. The efficiency of survivin, hTERT, CK-7 and TTF-1 was Values represent temperature and length of time. hTERT, human telomerase reverse transcriptase; TTF-1, thyroid transcription factor 1; CK-7, cytokeratin-7.
85.6, 101, 108 and 102%, respectively. As shown in Fig. 1 , the investigated concentration from 1 to 10000 cells/5 ml cDNA input appeared to have high linearity (Pearson correlation coefficient r>0.95).
Relative expression of survivin, hTERT, CK-7 and TTF-1 mRNA in the PB of advanced lung adenocarcinoma patients.
In our assay, the mRNA levels of these four markers were slightly amplified in PB samples of 30 healthy controls. To define a cut-off value for the normalization of mRNA expression of the four markers in the peripherial blood, the relative mRNA expression levels of each marker were examined in healthy patients. The highest values of survivin, hTERT, CK-7 and TTF-1 mRNA expression were 0.279, 0.0406, 0.094 and 1.182, respectively, which were equal to their expression levels in 0.4-11.8 A549 cells. Subsequently, four gene markers were compared with the highest value to determine the expression levels in PB samples of 68 lung adenocarcinoma patients. The sensitivity of survivin, hTERT, CK-7 and TTF-1 mRNA in patients was 41.18, 61.76, 41.18 and 35.29%, respectively. The sensitivity of the four markers combined was 82.35%. Compared with single marker detection, the sensitivity of the four markers in combination was significantly higher (Table III) .
Correlation of the mRNA expression levels of four markers with the clinicopathological features of advanced lung adenocarcinoma patients.
Real-time PCR determination of the four marker mRNA expression levels was statistically analyzed to identify an association with the clinicopathological features of advanced lung adenocarcinoma patients. The characteristics of patients are summarized in Table IV . Survivin, hTERT and TTF-1 mRNA expression was significantly correlated with N classification (P=0.023, P=0.007 and P=0.007, respectively). Survivin, hTERT, CK-7 and TTF-1 mRNA expression was significantly correlated with distant metastases (P=0.031, P=0.001, P=0.031 and P=0.019, respectively). However, there was no significant association between the mRNA expression levels of the four markers and patients' age or smoking (Table IV) . Spearman correlation analysis demonstrated that high expression levels of survivin, hTERT and TTF-1 mRNA are positively correlated with lymph node classification, and survivin, hTERT, CK-7 and TTF-1 mRNA are positively Table IV . Correlation between clinicopathological features of advanced lung adenocarcinoma patients and the expression of mRNA markers.
Survivin (%)
hTERT (%) correlated with distant metastasis (all r>0, P<0.05, data not shown).
Disease progression and its association with CTC status.
To evaluate whether the mRNA expression levels of the four markers in combination is associated with disease progression, we defined the PB sample from advanced lung adenocacinoma patients as CTC + if any of the four markers tested positive. The rate of disease progression in the CTC + group was 67.86% (38/56), while the rate of disease progression in the CTC -group was 16.67% (2/12). There was a significant difference between the two groups (P=0.001), which was positively correlated with tumor progression (r= 0.397, P<0.001). Meanwhile, we stratified the CTC + group to a 1-2 marker mRNA overexpression group and a 3-4 marker mRNA overexpression group. Disease progression rate of the 3-4 marker mRNA overexpression group was 100% (18/18), while the 1-2 marker mRNA expression group was 52.63% (20/38). There was a significant difference between the two groups (P=0.000), which was positively correlated with tumor progression (r=0.474, P<0.000).
The median progression time for the 68 cases was 150 days, with a range between 45 and 295 days. As shown in Fig. 2 , compared with the CTC -group, the CTC + group had a shorter disease progression-free survival (P=0.003). In addition, in the 3-4 marker overexpression group, a shorter disease progression-free survival time was observed compared with the 1-2 marker expression group (P=0.000).
Discussion
In this study, we developed a real-time RT-PCR assay to detect CTCs in advanced lung adenocarcinoma patients. To the best of our knowledge, this is the first time that survivin, hTERT, CK-7 and TTF-1 tumor-related mRNA markers have been used in combination to detect CTCs of advanced lung adenocarcinoma patients. This assay was designed to use Taqman probe to improve the specificity of the amplification products. In addition, the sensitivity demonstrated that target mRNAs are able to be detected at a sensitivity of one A549 cell in 5 ml of PB, which is sufficient to detect low levels of survivin, hTERT, CK-7 and TTF-1 mRNAs. Our present study demonstrates that the positive detection rates of survivin, hTERT, CK-7 and TTF-1 in the PB of advanced lung adenocarcinoma patients were 41.18, 61.76, 41.18 and 35.29%, respectively. The sensitivity of this multimarker combination was 82.35%, significantly higher than that of any single marker. Overexpression of survivin, hTERT, CK-7 and TTF-1 was significantly associated with distant metastasis and overexpression of survivin, hTERT and TTF-1 was significantly associated with N classification. In addition, the CTC + group was inversely correlated with the disease progression of advanced lung adenocarcinoma patients.
Compared with the sampling of lymph nodes and bone marrow, PB collection is a noninvasive approach that may be conducted throughout the course of disease. A number of tumor-associated or epithelial-specific genes are used in the detection of CTCs of different types of cancer, including CK, Her2, CEA, MUC1, EpCAM, EGFR, hTERT, survivin, c-met, FN1 and several other mRNA markers (4,6,11,20) . In our study, the tumor-associated genes survivin and hTERT, epithelial-specific gene CK-7 and lung or thyroid epithelialspecific TTF-1 were selected, and the positive detection rate of the four gene mRNAs ranged between 35.29 and 61.76%, which is similar to previous studies. These studies have demonstrated that the detection rate of circulating tumorrelated mRNAs ranged between 30 and 60% in the PB of cancer patients (11, 20) . Since genes are expressed heterogeneously and the alternative expression of genes continuously occurs in tumor progression, no tumor marker was identified to be consistently and specifically expressed in all tumor cases. Single marker detection may limit the reliability of the assay. Consequently, we combined the four markers to detect levels of CTCs in advanced lung adenocarcinoma patients. The sensitivity of the four markers in combination was 82.35%, an increase of 10.35% compared with results from the study by Sher et al, detecting a combination of four marker genes (36) . We demonstrated that, compared with single marker detection, combined use of the four mRNA markers is capable of improving the sensitivity of CTC detection in the PB of patients with advanced lung adenocarcinoma. These results suggest that the use of multiple markers is able to compensate for tumor cell heterogeneity in marker expression, low mRNA levels and the rarity of CTCs in the PB.
Furthermore, we have analyzed the correlation between these four mRNA markers with the clinicopathological features of advanced lung adenocarcinoma. We identified that the overexpression of survivin, hTERT and TTF-1 mRNA is positively correlated with lymph node classification, and overexpression of survivin, hTERT, CK-7 and TTF-1 mRNA is positively correlated with distant metastasis. The present study strongly suggests that the four gene mRNA marker combination may provide a valuable tool to identify subsets of advanced lung adenocarcinoma patients with more aggressive tumors, which have a high risk of metastasis and recurrence. These results are consistent with the majority of other studies of lung and breast cancer (7, 11, 20) . Following 10 months of follow-up, disease progression-free survival was also significantly shorter in patients with CTC + compared with those with CTC -, and with the increased number of genes expressed, and increased risk of disease progression, the progression-free survival shortened. These results suggest that survivin, hTERT, CK-7 and TTF-1 mRNA are important in lung adenocarcinoma development and analysis of the four marker genes may provide valuable prediction information of disease progression in patients. In terms of overall survival, the follow-up period of the present study was only 10 months, which is too short a time to assess the values of the investigated CTC markers as predictors of overall survival. A longer observation time with more serial monitoring is necessary to validate the potential usefulness of these four markers in combination as an overall predictor of survival.
In conclusion, we used quantitative real-time RT-PCR to detect survivin, hTERT, CK-7 and TTF-1 mRNA expression levels in PB samples of advanced lung adenocarcinoma patients. We identified four mRNA markers that were capable of significantly improving the sensitivity of detecting CTCs compared with single marker assays. Multiple marker expression is positively correlated with N classification and distant metastasis. Multiple marker-positive CTCs are a useful surrogate predictor of disease progression. However, it needs to be studied in larger patient cohorts including early stage patients to precisely define the clinical relevance of the four mRNA markers.
